Background-Reduced heart rate variability (HRV), a measure of cardiac autonomic dysfunction, is a risk factor for coronary artery disease. Diet can influence HRV, but this association may be confounded by genetic and environmental factors. Methods and Results-We administered the Willett Food Frequency Questionnaire to 276 middle-aged male twins.
T he Mediterranean diet is associated with a reduction in cardiac death, [1] [2] [3] [4] but the underlying mechanisms are poorly understood. Although individual healthy dietary components are associated with higher heart rate variability (HRV), [5] [6] [7] [8] [9] a noninvasive measure of cardiac autonomic function, 10 -12 whether a whole dietary pattern resembling the Mediterranean diet is associated with higher HRV has not been addressed.
Autonomic dysfunction as measured by a lower HRV is an established risk factor for cardiac death. 11, 13 In the general population, 1 standard deviation increment in frequency domains of HRV was associated with 24% to 45% lower risk of coronary heart disease death. 14 In patients with myocardial infarction, lower HRV was associated with at least 2-fold higher risk for all-cause death. 15 Dietary habits are shared by individuals in the same family, 16, 17 who may also share other genetically determined cardiac risk factors. HRV has also been shown to be inherited to a certain degree. 18 Thus, in this study, we examined whether conforming to the Mediterranean diet was associated with HRV in adult twins reared together, controlling for the potential confounding effects of family and genetic influences.
Methods

Participants
The Twins Heart Study is an investigation of risk factors for subclinical cardiovascular disease; details have been published. 18, 19 Briefly, this study included 180 pairs of monozygotic (MZ) and dizygotic (DZ) male twins asymptomatic of cardiovascular disease, based on a 1990 survey WHAT IS KNOWN • The Mediterranean diet is associated with lower cardiovascular risk. • Lower heart rate variability, reflecting cardiac autonomic dysfunction, is a risk factor for cardiac death. • To date, no prior studies have explored the association between a whole diet conforming to the Mediterranean diet and cardiac autonomic function measured as heart rate variability.
WHAT THE STUDY ADDS
• Using a twin study design, for the first time, to our knowledge, we found that the more an individual's diet conformed to the Mediterranean diet, the greater the heart rate variability, indicating better cardiac autonomic function. • This positive association was independent of genes, shared environmental factors, and known cardiovascular risk factors; this means that whether or not a person has an adverse genetic background or other risk factors for cardiovascular disease, this person would be likely to have better cardiac autonomic function if he or she follows a diet similar to the Mediterranean diet.
from the Vietnam Era Twin Registry. 18 -21 All twin pairs were examined at the Emory University Hospital General Clinical Research Center between 2002 and 2006. The assessment included a comprehensive medical history, physical examination, biochemical measures, and ambulatory ECG recording (Holter); we also obtained updated information about symptomatic cardiovascular disease. We excluded 84 participants, including 1 man with no dietary data, 6 men reporting implausible energy intake (Ն6000 or Ͻ500 kcal/ d), 19, 20 8 men with plasma IL-6 levels Ͼ10 pg/mL 22 because this finding may imply acute inflammation that may affect HRV, and 72 men with HRV data not suitable for analysis (Ͼ20% interpolation or Ͻ18 recorded hours). 23 There was no participant with a history of atrial fibrillation or pacemaker. Some unpaired twins resulted from these exclusions; these were retained in the analyses in twin modeling because it allows full use of all available data. 24 Therefore, our analyses were based on 276 men, including 65 MZ and 40 DZ twin pairs and 33 MZ and 33 DZ unpaired twins. The study protocol was approved by the Institutional Review Board of Emory University, and informed consent was obtained from all subjects.
Dietary Assessment and Mediterranean Diet Score
We used the Willett self-administered semiquantitative food frequency questionnaire to collect dietary data over the previous 12 months. 19, 20 Nutrient intake data were derived using the nutrient database of the US Department of Agriculture at the Channing Laboratory, Harvard University. 19, 20 Portion sizes were converted into weight in grams, and daily food intake in grams was calculated by multiplying portion sizes in grams with food intake frequency. Combined food items containing 2 or more components were itemized based on the recipe. 20 In observational epidemiological studies, the term Mediterranean diet is used to indicate a diet that contains elements of the originally defined Mediterranean diet. 20 Thus, we ranked participants on the similarity of their diet to the originally described Mediterranean diet. We derived a score to measure the extent to which an individual's diet conformed to the Mediterranean diet following the Trichopoulou algorithm, as previously described. 19, 20 The score components were defined a priori 3 ( Supplemental Table) . Seven desirable components incorporated into the score were cereals, vegetables, fruits and nuts, legumes, fish, a high dietary ratio of monounsaturated to saturated fatty acids (as reflected by high olive oil consumption), and moderate alcohol consumption; 2 undesirable components were meat and dairy food products. The 9 components were assumed to have equal weight. To conduct analyses stratified by zygosity, we used the zygosity-specific median of food intake (adjusted to 2500 kcal 25 ) of the studied sample as the cutoff. 3 A value of 1 was assigned to a high intake (greater than median) of each desirable component or a low intake (less than median) of each undesirable food. All other intakes received a value of 0. 3, 25 For alcohol, a value of 1 was assigned to moderate consumption, that is, an intake greater or equal to the median (1.91 g/d, same for MZ and DZ twins) but below 33 g per day 19, 20 ; a value of 0 was assigned to either never or very-light drinking (Յ1.91 g/d) or excessive drinking (Ͼ33 g/d). The score was the sum of all values from the 9 components, ranging from 0 to 9; the higher the score, the more conforming to the Mediterranean diet.
Cardiac Autonomic Function Assessment
Detailed account of our HRV assessment in this sample has been previously described. 18, 23 Briefly, participants wore an ambulatory ECG (SEER Light ambulatory ECG recorder, 3-channel digital system, GE Healthcare, Little Chalfont, UK) for 24 hours. Holter recordings were digitally sampled and analyzed for HRV in the time and frequency domains. Five time domain HRV measurements were included in the analysis: the standard deviation of all normal to normal (NN) R-R intervals (SDNN), the standard deviation of 5-minute average NN intervals (SDANN), the mean of the standard deviations of all NN intervals for all 5-minute segments of the entire recording (SDNNI), the square root of the mean of squares of successive NN interval differences (rMSSD), and the percentage of intervals above 50 ms different from preceding interval (pNN50). Additionally, 6 frequency domain HRV parameters were analyzed using power spectral analysis 13, 18, 23 : total power (TotPow, Ͻ0.40 ms 2 ), ultralow-frequency (ULF, 0 to 0.0033 ms 2 ), very-low frequency (VLF, 0.0033 to Ͻ0.04 ms 2 ), lowfrequency power (LF, 0.04 to Ͻ0.15 ms 2 ), and high-frequency power (HF, 0.15 to Ͻ0.40 ms 2 ).
Known Cardiovascular Disease Risk Factors
Systolic and diastolic blood pressure, fasting plasma concentrations of glucose, triacylglycerols, and total, low-, and high-density lipoprotein cholesterol were measured using the standard methods as previously described. 19, 20 Hypertension was defined as systolic blood pressure Ն140 and/or diastolic blood pressure Ն90 mm Hg or current use of antihypertensive medicines. Diabetes was defined as a fasting plasma glucose concentration Ն6.99 mmol/L (126 mg/dL) 26 or current treatment with insulin or oral antihyperglycemic agents.
Smoking (never, former, and current smoking status), education, and marital status were collected using standardized questionnaires. Habitual physical activity was evaluated with the validated Baecke questionnaire. 27 Waist and hip circumferences were measured to calculate the waist-to-hip ratio. Depressive symptoms were measured with the Beck Depression Inventory, which yielded a continuous score. 28 Current use of ␤-blockers, aspirin, statins, antihypertensive agents, and antihyperglycemic agents was also recorded. Information on standard cardiovascular risk factors was used to derive a Framingham risk score. 29
Statistical Analysis
The association between the Mediterranean diet and HRV was assessed by fitting linear regression models and examined at 2 levels 19, 20, 24 : between-subject and within-pair. All HRV data were log-transformed to improve normality, and thus results were expressed as percent differences of the nontransformed values using the formula [(exp ␤ )Ϫ1]ϫ100 (%), where ␤ is the regression coefficient and exp ␤ returns the exponential value of the parameter.
We evaluated the overall association by treating twins as individuals while accounting for twin pair clustering by zygosity. 19, 20 The score was analyzed primarily as a continuous variable and secondarily as an ordinal variable according to quartiles (0 to 3, 4, 5, and 6 to 9), with category midpoints as ordinal values.
We then performed within-pair analyses to examine differences in HRV measures between cotwins in each pair 24 ; by design, these analyses are free of familial confounding. 19, 20 We fitted mixed models for twins, 19, 20, 24 including within-pair difference in Mediterranean diet score and covariates as fixed effects, and the twin pair as a random effect. 19, 20 The percent difference calculated from the ␤ coefficient for the within-pair effect represents the percent difference in outcome (HRV) per 1-unit absolute difference in the score between cotwins. An analysis excluding unpaired twins provided similar within-pair results. This is expected because unpaired twins are naturally not considered in within-pair analyses and only contribute to between-pair effects reflecting shared factors between cotwins. 24 We fit an initial model that include Mediterranean diet score and adjusted for nutritional factors not considered in the score, including total energy intake and potato and egg consumption. 3 We further adjusted for sociodemographic factors (years of education and current marital status); lifestyle factors (waist-tohip ratio and physical activity); cardiovascular risk factors (Fra-mingham risk score 29 and fasting plasma concentrations of triacylglycerols); use of fish oil supplement, ␤-blockers; and other medications (aspirin, statins, antihypertensive agents, and antihyperglycemic agents).
MZ twins share 100% of identical genes; DZ twins share on average 50%. Common environmental effects are assumed to contribute equally to the similarity in MZ and DZ twins. Therefore, the zygosity-specific associations were examined and interpreted as follows: if the association between Mediterranean diet score and HRV was similar in both DZ and MZ pairs, this would suggest the association is not due to confounding by either shared environmental factors or genetics; if the association was found in DZ pairs but not in MZ pairs, this would be an indication that genetic factors are potentially confounding the association between Mediterranean diet and HRV. More formally, we included an interaction term in our models between Mediterranean diet score and zygosity; the significance of this parameter estimate was a direct test of the differential association between the score and HRV by zygosity. The heritability for conforming to the Mediterranean diet was calculated as the twice difference in the previously reported intraclass correlation coefficient 19 between MZ and DZ twins. All analyses were conducted 
Results
Participant Characteristics
Demographic and clinical characteristics of the sample are described in Table 1 . The sample was 94% non-Hispanic white, 3% African-American, and 3% other race/ethnic groups. This distribution reflected the racial distribution of the Vietnam Era Twin Registry. A higher Mediterranean diet score was associated with more years of education, less frequent smoking, lower depressive symptom score, and higher use of fish oil supplements.
Overall Associations Between the Mediterranean Diet and HRV
A higher score was positively associated with higher HRV including SDNN, SDNNI, rMSSD, pNN50, TotPow, ULF, VLF, and LF, respectively (all PϽ0.05) (Model 1, Table 2 ). Further adjustment for other variables did not change the magnitude of association for the time domain parameters but minimally altered the magnitude for the frequency domain measures (Model 2, Table 2 ). By using Mediterranean diet score as an ordinal variable, similar trends were found ( Table 2 ). The Figure shows that HRV variables were 10% to 58% higher in men in the highest score quartile than those in the lowest quartile (PϽ0.05 for all HRV indices). The intraclass correlation coefficient of Mediterranean diet score was 0.26 for MZ and 0 for DZ, as previously reported 19 ; thus, heritability was calculated as 52% for following the Mediterranean dietary pattern, suggesting genetic influences on this phenotype. Therefore, we conducted within-pair analyses that controlled for potential genetic confounding in the association between the diet and HRV. Within-pair analyses also controlled for environmental factors shared between cotwins.
Within-Pair Association Between the Mediterranean Diet and HRV
Within-pair association between the score and HRV tended to be more pronounced in the DZ than in the MZ twin pairs. However, the interaction with zygosity was significant only for LF (Pϭ0.047), implying possible genetic confounding for LF (Model 2, Table 3 ). In the pooled sample by zygosity for the other HRV parameters, a higher Mediterranean diet score was associated with a higher SDNNI, rMSSD, pNN50, TotPow, VLF, and HF, respectively, after controlling for shared genes and common environment (all PϽ0.05) (Model 1, Table 3 ). Full adjustment did not substantially change the results, but the association for TotPow and HF became marginally statistically significant (0.05ϽPϽ0.1) (Model 2, Table 3 ).
After further controlling for inflammatory biomarkers (interleukin-6 and high-sensitivity C-reactive protein), the within-pair association between the score and HF became statistically significant (8.3%; 95% confidence interval, 1.0% to 16.2%; Pϭ0.03), whereas for other HRV measures it did not meaningfully change (data not shown). Similar results were also obtained after further controlling for depressive symptom score, after substituting the Framingham risk score for individual risk factors, and after excluding subjects with previous history of coronary heart disease (data not shown).
Discussion
We found a significantly positive association between a pattern of diet conforming to the Mediterranean diet and both time and frequency domain measures of HRV. After full adjustment, a 1-unit higher Mediterranean diet score was associated with a 3.5% higher SDNNI, 3.5% higher rMSSD, 11.1% higher pNN50, and 6.1% higher VLF, independent of shared genes and common environment. We observed larger differences within DZ than MZ twin pairs in several HRV measures, implying a shared genetic pathway between the diet and HRV. However, because a significant interaction by zygosity was only found for LF, our results suggest that a shared genetic pathway does not entirely explain the association between Mediterranean diet and HRV.
This study is the first, to our knowledge, to demonstrate an association between the Mediterranean diet and HRV. Prior epidemiological investigations [5] [6] [7] 9, 30 and randomized trials 8 have documented an association between individual dietary components and HRV. For instance, green leafy vegetables, 5 fish, 6 marine 6 -8 and plant 9 omega-3 fatty acids, and methylrelated nutrients 30 are positively associated with HRV indices, including SDNN, 7, 9, 30 SDNNI, 7 rMSSD, 7 pNN50, 7 and HF. 6 -8 One study showed that fish and marine omega-3 fatty acids were inversely associated with 24-hour LF. 6 In another study, postmenopausal women practicing a long-term ovolacto vegetarian diet had higher HF and increased baroreflex sensitivity compared with omnivore control subjects. 31 Our results were generally in agreement with these previous reports, and for the first time demonstrate a link between Mediterranean diet and HRV.
Our study results have potential clinical significance. Prior studies have shown that reduced HRV is associated with poor outcomes in the general population 14 and individuals with coronary artery disease. 13 In our study, the highest quartile of the Figure. Overall associations based on the Mediterranean diet score quartiles after controlling for zygosity, nutritional, demographic, lifestyle, coronary risk factors, and use of fish oil supplement, ␤-blockers, and other medications.
Mediterranean diet score compared with the lowest quartile was associated with 11% to 58% higher HRV in both frequency and time domains. Based on mortality studies, these differences would translate into 9% to 14% reduction in cardiac mortality. 14 In our study, the strongest associations were found for pNN50, considered by some a marker for parasympathetic activity; and for VLF and LF, which reflect overall balance of the sympathetic and parasympathetic limbs. 11, 12 The mechanisms linking the Mediterranean diet to HRV are unknown. The dietary components characteristic of the Mediterranean diet, including food items, 5, 6 nutrients, 32 and diet-related biochemical reactions involving energy generation and nutrient metabolism, 32 may all potentially affect HRV through modulating sympathetic and parasympathetic activity and central thermoregulatory control.
Genetic factors may influence food preference, 33 perception of hunger, 34 and food consumption frequency 35 and thus may affect consumption of specific foods that are included in a Mediterranean diet. Heritability was 20%Ϸ95% for HRV frequency domain measures in this study population, 18 suggesting genetic influences on HRV. An interesting finding of our study is that genetic factors appear to play a role in the modulation LF by the Mediterranean diet. The Framingham Heart Study reported that chromosome 2 at 153 cM was related to LF. 36 Our results warrant future research on how this or other genetic variations affect the influence of the Mediterranean diet on LF.
There are some limitations to our study. 19, 20 Our sample only included middle-aged men, predominantly white men, and therefore our results may not be generalizable to women and CI indicates confidence interval. *Values are within-pair percent geometric mean differences (95% CI) calculated from the ␤ coefficient and expressed per 1-unit difference in the Mediterranean diet score comparing the twin with a higher score with his brother with a lower score.
†Total energy intake (continuous), egg consumption (continuous), potato consumption (continuous). ‡Demographic factors ͓education (continuous) and marital status (yes/no)͔; lifestyle factors ͓physical activity (continuous)͔ and waist-to-hip ratio (continuous)͔; coronary risk factors ͓Framingham risk score (continuous) and plasma triglycerides (continuous)͔; use of fish oil supplements (yes/no), ␤-blockers (yes/no), and other medications (statins, aspirin, antihypertensives, and antihyperglycemics) (yes/no). other ethnic groups. As our study is cross-sectional, cause and effect relations cannot be established. Furthermore, the Willett food-frequency questionnaire may underestimate absolute food and nutrient intakes. However, this questionnaire is appropriate for the investigation of the association between habitual diet and health after energy adjustment and has been extensively used in epidemiological research. 37 Finally, physical activity can affect HRV and therefore may confound the results; however, we adjusted for habitual physical activity in the analysis and controlled for physical activity during Holter recording by design. 18, 23 In comparison with traditional observational epidemiological studies, our study had the advantage of controlling for potential genetic and environmental confounding, including, for example, familial factors such as parents' socioeconomic status, family health habits other than diet, and maternal/prenatal factors.
In conclusion, our study demonstrates for the first time a positive association between the Mediterranean dietary pattern and HRV. Our findings suggest that autonomic tone may be one of mechanisms linking the Mediterranean diet to a lower rate of cardiovascular events.
